Real-Time PCR (qPCR) testing is recommended as both a diagnostic and outcome measurement of etiological treatment in clinical practice and clinical trials of Chagas disease (CD), but no external quality assurance (EQA) program provides performance assessment of the assays in use. We implemented an EQA system to evaluate the performance of molecular biology laboratories involved in qPCR based follow-up in clinical trials of CD. An EQA program was devised for three clinical trials of CD: the E1224 (NCT01489228), a prodrug of ravuconazole; the Sampling Study (NCT01678599), that used benznidazole, both conducted in Bolivia; and the CHAGASAZOL (NCT01162967), that tested posaconazole, conducted in Spain. Four proficiency testing panels containing negative controls and seronegative blood samples spiked with 1, 10 and 100 parasite equivalents (par. eq.)/mL of four Trypanosoma cruzi stocks, were sent from the Core Lab in Argentina to the participating laboratories located in Bolivia and Spain. Panels were analyzed simultaneously, blinded to sample allocation, at 4-month intervals. In addition, 302 random blood samples from both trials carried out in Bolivia were sent to Core Lab for retesting analysis. The analysis of proficiency testing panels gave 100% of accordance (within laboratory agreement) and concordance (between laboratory agreement) for all T. cruzi stocks at 100 par. eq./mL; whereas their values ranged from 71 to 100% and from 62 to 100% at 1 and 10 par. eq./mL, respectively, depending on the T. cruzi stock. The results obtained after twelve months of preparation confirmed the stability of blood samples in guanidine-EDTA buffer. No significant differences were found between qPCR results from Bolivian laboratory and Core Lab for PLOS ONE | https://doi.org/10.1371/journal.pone
Introduction
Chagas disease (CD), caused by the kinetoplastid flagellate Trypanosoma cruzi, has been considered to be "the most neglected of the neglected diseases" given the research and development gaps related to diagnosis and treatment [1] . Accurate diagnostics tools, as well as surrogate markers of parasitological response to treatment, are priorities in CD research and development [1] [2] [3] .
In order to develop a reliable laboratory tool for diagnosis and treatment follow-up, several difficulties need to be addressed, such as the low and intermittent number of circulating parasites during the chronic phase of infection as well as parasite genotype diversity, since six Discrete Typing Units (DTUs), TcI-TcVI, are unevenly distributed in different endemic regions [4, 5] . Quantitative Real-Time PCR (qPCR) based assays were developed aiming to fill these gaps, but their application in clinical practice required prior analytical and clinical validation studies that have been recently accomplished [6, 7] .
The most widely applied qPCR standard operating procedure (SOP) for detection and quantification of T. cruzi DNA includes DNA extraction from 300 μL of guanidine-EDTAblood samples using glass-fiber commercial columns. This is followed by duplex qPCR using TaqMan probes targeted to T. cruzi Satellite DNA (SatDNA) and an internal amplification control (IAC) [6, 7] . This method has been used to follow-up parasite response to treatment with different compounds and regimens, such as benznidazole [8] and E1224, a water-soluble ravuconazole pro-drug [9] .
External quality assurance (EQA) programs designed to provide performance assessment for molecular diagnostics assays have been carried out for several viral [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , bacterial [22, 23] and parasite pathogens [24] [25] [26] . With this aim in mind, a multicenter study was carried out to analyze the performance, of existing PCR methods for T. cruzi DNA detection in 2008 [27] . However, there are still no formal EQA programs for qPCR performance assessment of laboratories involved in molecular diagnosis or clinical trials of CD in which qPCR assay is considered as a primary endpoint.
This work aimed to evaluate the performance of SatDNA qPCR methods used as primary endpoints during three clinical trials of chronic CD patients conducted in Bolivia and Spain, through an EQA program specially devised for this purpose. The EQA program included (a) panels of non-infected blood samples spiked with known quantities of T. cruzi epimastigotes belonging to stocks representative of different DTUs and (b) peripheral blood samples from CD patients enrolled in the two trials conducted in Bolivia that were retested by a reference laboratory to address inter-laboratory concordance of qPCR findings.
To our knowledge, this is the first implementation of an EQA program for monitoring the use of T. cruzi based qPCR as a surrogate biomarker of treatment response in clinical trials of CD.
Materials and methods

Ethics statement
Sans Frontières and Hospital Universitari Vall d'Hebron; following the principles expressed in the Declaration of Helsinki. Written informed consent forms were signed by the study volunteers (no minor subjects were included in these trials). All samples were anonymized before being processed.
Clinical trials
E1224 (NCT01489228):
This trial was designed by Drugs for Neglected Diseases initiative (DNDi). A phase II proof-of-concept double-blinded randomized trial aimed to assess the safety and efficacy of three oral regimens of E1224, a pro-drug of ravuconazole, compared to benznidazole (BZN) and placebo, during 60 days of treatment. Chronic CD patients (N = 231) from the cities of Cochabamba and Tarija, both in Bolivia, were part of this trial.
Sampling 
External quality assurance program design
Proficiency testing panels (PTPs). The design of the PTPs took into account those parasite stocks that were previously used during SatDNA qPCR validation [6] , and TcI and TcV stocks prevailing in the geographical region of the enrolled patients [6] . Accordingly, TcII, TcIII and TcIV stocks were not included.
Four blinded panels containing seronegative human blood samples spiked with 1, 10 and 100 parasite equivalents (par. eq.)/mL of cultured epimastigotes from K98 (TcIa), Sylvio X10 Cl1 (TcId), LL014-1-R1 Cl1 (TcV) and CL-Brener (TcVI) T. cruzi stocks, and four negative controls were prepared by the Laboratory of Molecular Biology of Chagas Disease at INGEBI--CONICET, Buenos Aires, Argentina (Core Lab).
After being spiked, blood samples were immediately mixed with an equal volume of Guanidine Hydrochloride 6M-EDTA 0.2M pH 8.0 buffer and incubated for 48 hours at room temperature. Finally, guanidine-EDTA-blood (GEB) samples were aliquoted and stored at 4˚C until DNA extraction and qPCR analysis. Each PTP was analyzed at the same time, blinded to sample allocation, at 4-month intervals (0, 4, 8 and 12 months), by Core Lab and the laboratories involved in the clinical trials from Bolivia, with two operators (LabB-Op1 and LabB-Op2), and Spain (LabC).
Retesting samples analysis. Only LabB provided clinical samples for retesting analysis. For this purpose, 302 GEB samples were selected at random and aliquots of 1 mL were sent to Core Lab. There were 173 samples from the E1224 trial (92 from Cochabamba and 81 from Tarija) and 129 samples from the Sampling Study trial.
DNA extraction procedures
LabB and Core Lab: 300 μL GEB samples were processed using the High Pure PCR Template Preparation kit (Roche Diagnostics, Indianapolis, IN) and eluted in 100 μL elution buffer as described in Duffy et al. 2013 [6] .
LabC: 200 μL GEB samples were processed using the NucliSENS easyMAG system (bioMérieux, Marcy l'Etoile, France) and eluted in 50 μL elution buffer.
In all cases, the eluted DNA was stored at -20˚C until use in qPCR analysis.
Satellite DNA Real-Time PCR procedures LabB and Core Lab: a duplex qPCR targeted to T. cruzi SatDNA and IAC sequence, previously described in Duffy et al. 2013 [6] , was used. The qPCR reactions were carried out using the FastStart Universal Probe Master Mix (Roche Diagnostics, Mannheim, Germany) with 5 μL eluted DNA in 20 μL final volume. The qPCRs were performed in triplicate, except for PTP1 samples analyzed at Core Lab, which were performed in duplicate.
Clinical samples from the retesting study were analyzed in duplicate and, in case both replicates gave non-detectable results, a third qPCR assay was run according to clinical trial protocols. For both laboratories, standard curves were plotted with 1/10 serial dilutions of total DNA obtained from the same stock of GEB seronegative sample spiked with 10 5 par. eq./mL of TcV cultured epimastigotes. LabB and Core Lab qPCR methods have a Limit of Detection of 0.20 and 0.70 par. eq./mL, respectively. Cycling conditions were a first step of 10 minutes at 95˚C followed by 40 cycles at 95˚C for 15 seconds and 58˚C for 1 minute. Amplifications were carried out in a Rotor-Gene Q (Corbett Life Science, Cambridgeshire, United Kingdom) and an ABI7500 (Applied Biosystems, Foster City, CA) Real-Time PCR devices, at LabB and Core Lab, respectively.
LabC-SOP1: a duplex qPCR targeted to T. cruzi SatDNA and human RNase P gene, previously described in Piron et al. 2007 [28] , was used. The qPCR reactions were carried out in duplicate using the TaqMan Universal PCR Master Mix and 1x TaqMan RNase P Control Reagents kit (Applied Biosystems), with 5 μL eluted DNA in 20 μL final volume.
Cycling conditions were a first step of 2 minutes at 50˚C, a second step of 10 minutes at 95˚C followed by 40 cycles at 95˚C for 15 seconds and 58˚C for 1 minute. Amplifications were carried out in a SmartCycler Real-Time PCR system (Cepheid, Sunnyvale, CA).
LabC-SOP2: used a modification of the LabC-SOP1 method, implemented only during PTP4 analysis as follows: final concentrations in the PCR mixture were 400 nM cruzi1 and cruzi2 SatDNA primers, and 100 nM cruzi3 TaqMan probe. The qPCR reactions were carried out in duplicate using the QuantiTect Multiplex PCR kit (Qiagen, Manchester, United Kingdom), with 5 μL eluted DNA in 25 μL final volume.
Cycling conditions were a first step of 15 minutes at 95˚C followed by 40 cycles at 95˚C for 15 seconds and 58˚C for 1 minute. Amplifications were carried out in a CFX Real-Time PCR detection system (Bio-Rad, Hercules, CA).
PCR quality controls
A negative control and two positive controls containing 10 and 1 fg/μL T. cruzi CL-Brener DNA were included in every run, as recommended [29] .
Internal amplification controls
A pZErO-2 recombinant plasmid containing an inserted sequence of Arabidopsis thaliana aquaporin was used as an exogenous amplification control by LabB and Core Lab [30] ; whereas the human RNase P gene was used as an endogenous control by LabC [28] .
Statistical analysis
Accordance (within laboratory agreement) and concordance (between laboratory agreement) were calculated for qualitative analysis of proficiency testing results [31] . Accordance and concordance are defined as the percentage chance that two identical test materials analyzed by the same laboratory or sent to different laboratories will both be given the same result (i.e. qPCR positive or negative), respectively. In addition, the concordance odds ratio (COR) was calculated as follows [COR = accordance x (100-concordance)/ concordance x (100-accordance)] to assess the degree of between laboratory variation [31] . Standard errors and 95% confidence intervals of accordance, concordance and COR were estimated by bootstrap analysis (500 replicates); all parameters were calculated using an Excel application available by e-mail from Langton et al. [31] . Moreover, McNemar's test was used to compare the qualitative results per sample among all laboratories, considering as positive those samples with at least one positive qPCR replicate. Kruskal-Wallis non-parametric analysis of variance was used to compare the medians of SatDNA Ct (threshold cycle) values of detectable samples, grouped by laboratory, T. cruzi stock and number of proficiency testing panel, using SPSS Statistics for Windows V17.0 (SPSS, Chicago, IL).
On the other hand, Cohen k coefficient [32] and McNemar's test were used to analyze the closeness of the agreement and the differences between LabB and Core Lab qualitative results for the retested clinical samples, respectively. Furthermore, Bland-Altman bias plot [29] and paired t test were used to analyze the closeness of the agreement between the quantitative results and the means of parasitic loads of quantifiable samples from both laboratories, respectively. Finally, Tukey's criterion was used to detect samples with outlier Ct values of IAC (Cts> 75th percentile + 1.5 x interquartile distance of median Ct) at LabB and Core Lab [33] .
Results
Analysis of proficiency testing panels
This study included four panels of negative controls and samples spiked with four T. cruzi stocks belonging to three different DTUs (TcI, TcV and TcVI) and two different TcI miniexon-based genotypes (TcIa and TcId), at three different concentrations. The accordance and concordance analysis of the qualitative SatDNA qPCR results obtained by each participating laboratory for the spiked samples are shown in Table 1 .
In Grouping the results for all T. cruzi stocks gave 100% samples showing within and between laboratory agreement at 100 par. eq./mL, this decreased to 84.15 and 49.65% at 10 par. eq./mL, and to 82.65 and 50.05% at 1 par. eq./mL, respectively.
On the other hand, the comparison of qualitative SatDNA qPCR results per sample, taking into account that a clinical sample was considered positive if at least one qPCR replicate had a positive result, did not show significant differences among all laboratories (p> 0.05). In addition, all of the 16 negative samples included in the PTPs gave non-detectable results for all qPCR replicates for each participating laboratory (100% concordance and specificity) (S1 Dataset).
Analysis by T. cruzi stock. The results obtained varied depending on the T. cruzi stock. 100% accordance and concordance was obtained for the three concentrations of TcIa stock, and at 10 and 100 par. eq./mL of TcVI stock. In contrast, for TcVI stock, the concentration of 1 par. eq./mL gave an accordance of 76.74% and a concordance of 75.00%. On the other hand, analysis of the TcId and TcV samples gave lower accordance and concordance values: 77.67% and 71.16%, and 79.36% and 72.38% at 1 par. eq./mL, and 67.91% and 75.81%, and 62.06% and 75.29% at 10 par. eq./mL, respectively; except at 100 par. eq./mL of both T. cruzi stocks, which showed 100% accordance and concordance (Table 1) . Finally, the grade of agreement was higher between laboratories than within them, at 1 par. eq./mL (COR< 1), and the opposite was the case at 10 par. eq./mL (COR> 1) for TcId and TcV samples; whereas at 1 par. eq./mL of TcVI stock, accordance was higher than concordance (COR> 1). Fig 1 presents the comparative analysis of SatDNA qPCR Ct values for each T. cruzi stock. As expected, there were higher Ct values and data dispersion at lower parasite concentrations, but also for TcId and TcV stocks compared to TcIa and TcVI stocks. Moreover, for all T. cruzi stocks and concentrations, higher Ct values and data dispersion were observed for LabC than for LabB and for LabB compared to Core Lab.
Statistical analysis showed that there were significant differences within each laboratory for all T. cruzi stocks at 10 and 100 par. eq./mL (p< 0.05). However, no difference was found between TcId and TcV stocks at 10 par. eq./mL at all laboratories, as well as between TcIa and TcId, TcIa and TcVI, and TcId and TcVI stocks at 10 par. eq./mL, and TcIa and TcVI stocks at 100 par. eq./mL at LabC (p> 0.05). Furthermore, there were significant inter-laboratorial differences for each T. cruzi stock at 10 and 100 par. eq./mL (p< 0.05); except for TcId and TcV stocks at 10 par. eq./mL among all laboratories and between LabB-Op2 and Core Lab, respectively (p> 0.05). There were no significant differences between both operators at LabB for all T. cruzi stocks and concentrations (p> 0.05). Analysis by number of proficiency testing panel. Fig 2 shows the comparative analysis of SatDNA qPCR Ct values obtained for each PTP. In this case, as for the previous analysis, at the 1 par. eq./mL concentration there were higher differences among all panels at each laboratory than at other concentrations. However, at 10 and 100 par. eq./mL the Ct values and data dispersion of each PTP were very sustained during the test period (twelve months) at all laboratories; except at LabC, which showed small variations from one panel to another. Contrary to expectation, PTP4 showed the lowest Ct values for all parasite concentrations at all laboratories; except at LabC.
In consequence, statistical analysis only found within-laboratory significant differences for LabB-Op1 among all panels at 1 par. eq./mL concentration (p< 0.05); except between PTP1 and PTP3 (p> 0.05). In the same way, inter-laboratory significant differences were only detected for PTP2 between LabC and Core Lab for all concentrations, and between LabB-Op1 and Core Lab at 1 par. eq./mL; as well as for PTP4 between LabC and Core Lab, and between LabB-Op2 and LabC at 100 par. eq./mL (p< 0.05). Before analysis of PTP4, LabC modified its qPCR SOP to improve the sensitivity of its method. This optimization included an adjustment of primers and probe concentrations, and testing different PCR mixesto reach the final procedure (LabC-SOP2). Table 2 compares the qPCR results obtained by LabC using the modified SOP with those from LabC (original SOP) and Core Lab for PTP4. In general, the modified SOP allowed LabC to reduce their SatDNA Ct values to around 4 units, getting closer to Core Lab Cts. Moreover, with the use of the new SOP, LabC was able to detect three additional positive samples (1 and 10 par. eq./mL for TcId stock, and 1 par. eq./mL for TcV stock) that had given non-detectable results using the original SOP.
Analysis of retesting samples
As part of this study, 302 GEB samples, 173 from E1224 and 129 from Sampling Study trials, were randomly selected and sent from LabB to Core Lab to be retested. One hundred and thirty-seven (45.36%) and 129 (42.72%) out of 302 samples had detectable qPCR results for LabB and Core Lab, respectively; 112 of these samples were detectable by both laboratories, whereas 25 and 17 samples were detectable (but non-quantifiable) only by LabB or Core Lab, respectively (p> 0.05). Moreover, the estimation of k coefficient gave 0.72 (95%CI, 0.64-0.80), indicating that the strength of agreement between the qualitative results obtained by both laboratories was good. Fig 3A shows the parasitic loads of 27 out of 135 (20.00%) and 31 out of 127 (24.41%) qPCR quantifiable samples determined by LabB and Core Lab, respectively.
The degree of agreement between the parasitic loads of the 18 samples with quantifiable results at both laboratories is represented as a Bland-Altman bias plot in Fig 3B. As shown, the Comparison of intra-and inter-laboratory SatDNA qPCR results for proficiency testing panels analysis based on number of panel. A: 1 par. eq./mL; B: 10 par. eq./mL; C: 100 par. eq./mL; Ct: Cycle threshold; SatDNA qPCR: Satellite DNA Real-Time PCR; par. eq./mL: parasite equivalents in 1 mL of blood.
https://doi.org/10.1371/journal.pone.0188550.g002 
Discussion
Accurate diagnostics tools for detection of T. cruzi infection and surrogate markers of parasitological response to treatment are priorities in CD research and development [1] [2] [3] . To reach these goals, several difficulties need to be addressed, such as the low and intermittent number of circulating parasites during the chronic phase of infection and T. cruzi genotype diversity, since six DTUs are unevenly distributed in different endemic regions [4, 5] . qPCR-based assays for T. cruzi DNA detection and quantification in CD patients have been developed to fill these gaps, but their application in clinical practice has required analytical and clinical validation studies [6, 7] . EQA programs offer a laboratory measurement tool for ensuring accurate, timely, clinically appropriate and useful information. They also provide sponsoring and regulatory agencies with confidence that laboratory data are generated with a rigor that will support product licensure and ensure that samples from clinical trials will be analyzed in a system that guarantees trial volunteer safety [34] . Moreover, participation in EQA programs makes data and information available which allows for the comparison of performance and results among all participating laboratories, provides early warning for systematic problems related with reagents or procedures, affords objective evidence of testing quality, identifies training needs, and detects areas that need improvement [35] .
Several EQA programs have been carried out for viral, bacterial and parasite pathogens such as Cytomegalovirus [10] , HIV-1 [11, 12, 19] , JC virus [13] , Hepatitis C [14] , G [17] and B [18] viruses, Enterovirus [15] , Herpes Simplex virus [16] , Dengue virus [20] , Yellow Fever virus [21] , Mycobacterium tuberculosis [22] , Bordetella pertussis [23] , Toxoplasmosis [24] , Leishmaniasis [25] , and Plasmodium [26] .
The first initiative made in this direction in CD was an international collaborative study launched by 26 expert laboratories from 16 countries. It evaluated the ability of their existing PCR procedures to detect T. cruzi DNA from a blind panel containing genomic DNA from several strains and spiked blood samples with different parasite concentrations, as well as blood samples from seropositive patients and non-infected controls [27] . Later on, an international workshop validated two duplex qPCR strategies using TaqMan probes for detection and quantification of bloodstream parasite loads in samples from CD patients [7] , that had been used to assess parasitic response to treatment in recent clinical trials [8, 9] . In this context, we have designed and implemented for the first time an EQA program that included proficiency testing and retesting analyses for T. cruzi qPCR performance assessment in three clinical trials of CD.
The design of the PTPs took into account those parasite stocks that were previously used during SatDNA qPCR validation [6] : CL-Brener, reference stock for TcVI, and Sylvio X10, reference stock for TcI [4] . In addition, we aimed to include stocks belonging to DTUs circulating in those regions where the patients enrolled in these clinical trials became infected. Consequently, we selected a parasite stock belonging to TcV, the predominant DTU in Bolivia, and another strain belonging to TcI, which is also common in Bolivia [5, 36] . These strains harbor different copy numbers of the repetitive satellite DNA sequence employed as a molecular target, and this diversity can explain the variability in qPCR positivity obtained in PTPs analysis. This feature was also reflected in the intra-and inter-laboratory variability observed among stocks, particularly for those samples with lower parasite concentrations, and in the dispersion of Ct values when all stocks were compared together.
Other factors, such as differences between the DNA extraction and qPCR methods used by LabC compared to those used in the other two laboratories, as well as the different thermocyclers used, may have added more variability to the results. Nevertheless, it is worth mentioning that the qualitative qPCR results per sample did not show significant differences among all participant laboratories.
This study also demonstrated the stability of blood samples treated with guanidine-EDTA buffer for 48 hours and conserved at 4˚C for 12 months. No intra-laboratory differences were observed and despite overseas transportation of PTPs, low variability was detected in inter-laboratory comparisons. Moreover, this study was useful in improving molecular diagnostics laboratory practices and tuning the methodology, in particular in the case of LabC, which improved the sensitivity of its qPCR assay on the basis of their results during PTPs analysis.
Finally, the retesting study did not show significant differences in terms of qPCR positivity and parasitic loads between LabB and Core Lab, as shown by McNemar's and paired t test analyses, respectively. In sum, overall accordance and concordance of outcomes reported by the participant laboratories demonstrate the reliability of the SatDNA qPCR methods used and encourage expanding their use in future clinical trials of CD.
Although molecular-based techniques have proven useful in research and clinical laboratories, as well as in clinical trial settings, it is hard to envision their application in public health care areas in the absence of appropriate EQA programs. We believe that this work represents a significant contribution towards the achievement of this requisite.
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